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FRUUHFW UDGLDO H[SDQVLRQRI WKHKROH SUHFOXGHGDPDJH WR WKHKROH DQG DOORZRQHVLGHGSURFHVVLQJ 7KH DFWLRQRI
GUDZLQJWKHPDQGUHOWKURXJKWKHVWDUWLQJKROHFDXVHVDUDGLDOSODVWLFIORZRIPDWHULDODQGUHVXOWVLQDQDQQXODU]RQH
RI UHVLGXDO FRPSUHVVLYH VWUHVVHV DURXQG WKH KROH VXUIDFH ,W LV HVWDEOLVKHG WKDW FROG H[SDQVLRQ SURFHVV LV KLJKO\
EHQHILFLDO LQGHOD\LQJ WKHRQVHW RI IDWLJXH FUDFN LQLWLDWLRQ DQG DOVR LQ UHGXFLQJ WKH UDWH RI SURSDJDWLRQRI VXUIDFH
IDWLJXH FUDFNV ZLWKRXW ZHLJKW SHQDOW\ RQ WKH VWUXFWXUHV &ROG H[SDQVLRQ SURFHVV LV EHLQJ ZLGHO\ XVHG GXULQJ
SURGXFWLRQVWDJHDQGDOVRLQ UHSDLUVWDJHLQWKHDLUFUDIWLQGXVWU\ =KDQJ DQG :DQJ
1RPHQFODWXUH
DL LQLWLDOFUDFNOHQJWK PP DI ILQDOFUDFNOHQJWKPP
DS SODVWLF]RQHVL]HGXHWRUHVLGXDOVWUHVVHVPP DF[ SODVWLF]RQHVL]HGXHWRFROGH[SDQVLRQPP
)&* )DWLJXH&UDFN*URZWK 1I IDWLJXHFUDFNJURZWK OLIHF\FOHV
VPD[ PD[LPXPWHQVLOHVWUHVV03D VPLQ PLQLPXPWHQVLOHVWUHVV03D
VUHT VWUHVV UHTXLUHGWRSURGXFH\LHOGLQJ03D 5 VWUHVVUDWLR
& IDWLJXHFUDFNJURZWK FRHIILFLHQW P IDWLJXHFUDFNJURZWK H[SRQHQW
&[ &ROG([SDQVLRQRUFROGH[SDQGHG /()0 /LQHDU(ODVWLF)UDFWXUH0HFKDQLFV
6V&[ 6SOLW VOHHYH&ROG([SDQVLRQ 876 8OWLPDWH7HQVLOH6WUHQJWK03D
6,) 6WUHVV,QWHQVLW\)DFWRU 03DP GDGD IDWLJXHFUDFNJURZWK UDWHPPF\FOH
.,PD[ PD[LPXP6,)03DP .,PLQ PLQLPXP6,)03DP
'. 6,)UDQJH03DP '.HII HIIHFWLYH 6,)UDQJH03DP
,Q RUGHU WR TXDQWLI\ WKH EHQHILWV DVVRFLDWHG ZLWK FROG H[SDQVLRQ SURFHVV DQDO\WLFDO FORVHG IRUP VROXWLRQV
H[SHULPHQWDO PHDVXUHPHQWRI UHVLGXDO VWUHVVHV DQGQXPHULFDO SUHGLFWLRQVRI UHVLGXDO VWUHVVHV XVLQJ )LQLWH (OHPHQW
WRROV DUH ZLGHO\ XVHG 7KH6V&[ LVD VRSKLVWLFDWHG SURFHVV ZKLFK UHTXLUHVFRVWO\HTXLSPHQW &RQVLGHULQJ WKHFRVW
LQYROYHGLQH[SHULPHQWDWLRQDQGQRQDYDLODELOLW\RIFORVHGIRUPDQDO\WLFDOPHWKRGV )LQLWH(OHPHQW WRROVDUHEHLQJ
IUHTXHQWO\ XVHG WR SUHGLFWPHDVXUH WKH EHQHILWV RI FROG H[SDQVLRQ SURFHVV DURXQG IDVWHQHU KROHV 7KH SURYHQ
VLPSOLILHG )( VLPXODWLRQ DSSURDFK LQYROYHV DSSO\LQJXQLIRUP UDGLDO GLVSODFHPHQWV WR WKHKROH VXUIDFH LQ WKH ILUVW
VWHSDQGUHPRYLQJWKHDSSOLHGGLVSODFHPHQWVLQQH[WVWHS VLPLODUWRVSULQJEDFNHIIHFW 0DKHQGUD%DEXHWDO
7KH PDJQLWXGH DQG GLVWULEXWLRQ RI WDQJHQWLDO UHVLGXDO FRPSUHVVLYH VWUHVV FRPSRQHQW DURXQG FROG H[SDQGHG KROH
GLUHFWO\LQGLFDWHVWKHH[WHQWRIIDWLJXHOLIHLPSURYHPHQW
6HYHUDO LQYHVWLJDWRUV :DQJDQG=KDQJ 3DVWD/DFUDFHWDO 3DYLHUHWDO  6XHWDO 
KDYH VWXGLHG YDULRXV FORVHG±IRUP UHVLGXDO VWUHVV PRGHOV IRU SUHGLFWLQJ )DWLJXH &UDFN *URZWK OLIH DURXQG FROG
H[SDQGHGKROHV DQGIRXQG WKDWOLIH RI FROGZRUNHGKROHV LV YHU\VHQVLWLYHWRWKHLQLWLDOFUDFNOHQJWK7KLVLVEHFDXVH
RI WKH IDFWWKDW EHQHILFLDOUHVLGXDOVWUHVVHVRQO\H[LVWLQWKHHDUO\VWDJHRIFUDFNJURZWK :LOOHQERUJHWDO KDYH
GHYHORSHG D FUDFNWLS SODVWLFLW\ PRGHO EDVHG RQ WKH DVVXPSWLRQ WKDW FUDFN JURZWK UHWDUGDWLRQV DUH SRVVLEOH E\
FRPSUHVVLYHUHVLGXDOVWUHVVHVDFWLQJRQWKHFUDFNWLS7KHVH FRPSUHVVLYHUHVLGXDOVWUHVVHVDUHGHYHORSHGGXHWRWKH
HODVWLF ERG\ VXUURXQGLQJ WKH RYHUORDGHG SODVWLF ]RQH ZKLFK FDXVHV WKLV ]RQH WR XQGHUJR FRPSUHVVLRQ DIWHU WKH
RYHUORDG LV UHPRYHG :LOOHQERUJ PRGHO XVHV DQ HIIHFWLYH VWUHVV ZKLFK LV WKH DSSOLHG VWUHVV UHGXFHG E\ WKH
FRPSUHVVLYHUHVLGXDOVWUHVVWRGHWHUPLQHWKHFUDFNWLS6,)IRUVXEVHTXHQWORDGLQJF\FOHV :LOOHQERUJ¶VPRGHO UHVXOWV
DUH IRXQGWREHLQJRRGDJUHHPHQWZLWK WKH H[SHULPHQWDOUHVXOWV
,W LV IRXQG IURPWKH OLWHUDWXUH :DQJDQG=KDQJ3DVWD/DFUDFHWDO  3DYLHUHWDO  6XHWDO
 WKDW QRQHRI WKH UHVLGXDO VWUHVVEDVHG DQDO\WLFDOPRGHOV LQ WKHSUHYLRXV VWXGLHVDFFRXQWHG WKHHIIHFWRI WZR
SODVWLF]RQHVFUHDWHGE\WHQVLOHORDGDQGFROGH[SDQVLRQSURFHVVUHVSHFWLYHO\ &RQVLGHULQJWKLVDVSHFW WKHSUHVHQW
ZRUN LVDQDWWHPSW WR GHYHORS DVLPSOHSURFHGXUH IRU SUHGLFWLQJ )DWLJXH&UDFN*URZWK OLIH DURXQGFROGH[SDQGHG
KROH E\ FRPELQLQJ SUHGLFWLRQ RI EHQHILFLDO UHVLGXDO VWUHVVHV E\ )LQLWH (OHPHQW PHWKRG DQG WKH DSSOLFDWLRQ RI
:LOOHQERUJ¶VPRGHO ,QWKH ILUVWVWDJH)(VLPXODWLRQVDUH SHUIRUPHGIRUYDULRXVOHYHOVRIFROGH[SDQVLRQVYL]
DQG RQDIODW SODWHRI $O7KDYLQJDFHQWUDOKROHRIPP GLDPHWHU XVLQJ)(WRRO$16<69
7KH FRPSOHWH VWDWH RI UHVLGXDO VWUHVVHV DURXQG FROG H[SDQGHG KROH LV FDSWXUHG DQG YDOLGDWHG ZLWK SXEOLVKHG
H[SHULPHQWDOUHVXOWV,WLV REVHUYHGWKDWPD[LPXPEHQHILFLDOUHVLGXDO VWUHVVHV DUH LQGXFHG DURXQG  FROG H[SDQGHG
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KROH ,Q WKH VHFRQG VWDJH DQ LQLWLDO FUDFN RI PP OHQJWK LV LQWURGXFHG LQWR WKH ERUH RI WKH KROH )XUWKHU )(
VLPXODWLRQLV SHUIRUPHGE\SURYLGLQJFROGH[SDQVLRQDURXQG WKLV FUDFNHGKROHWRGHWHUPLQHHIIHFWLYH 6,) UDQJH
8VLQJ:LOOHQERUJ¶VPRGHO )DWLJXH&UDFN*URZWK UDWH OLIH LV SUHGLFWHGDURXQGFROGH[SDQGHGKROH E\DFFRXQWLQJ
WKHHIIHFWRI LQGXFHG FRPSUHVVLYH UHVLGXDO VWUHVVHV 7KH SURFHGXUHGHYHORSHG LQ WKLVZRUN SUHGLFWV )DWLJXH&UDFN
*URZWK OLIH VSHQW GXULQJ WKH JURZWK RI FUDFN IURP JLYHQ LQLWLDO OHQJWK WR FULWLFDO OHQJWK DURXQG FROG H[SDQGHG
FUDFNHGKROHV
 )DWLJXH&UDFN*URZWK UDWHSUHGLFWLRQDURXQGQRQFROGH[SDQGHGFLUFXODUKROH
,QRUGHUWRTXDQWLI\WKHHIIHFW RI SUHH[LVWLQJ VXUIDFHFUDFNVDURXQG SODLQQRQFROGH[SDQGHG IDWLJXHSURQHIDVWHQHU
KROHV )DWLJXH &UDFN *URZWK OLIH SUHGLFWLRQ QHHGV WR EH FDUULHG RXW 6XFK SUHGLFWLRQV ZRXOG IXUWKHU HQDEOH WR
HVWDEOLVKWKHRSWLPXPOHYHORIFROG H[SDQVLRQWREHSURYLGHGDURXQG KROHV IRUUHWDUGLQJ )DWLJXH&UDFN*URZWK UDWH
DQGWKXVWRH[WHQG )DWLJXH&UDFN*URZWK OLIH
 )LQLWH(OHPHQW VLPXODWLRQ IRUPRGH, 6WUHVV,QWHQVLW\)DFWRU6,)HYDOXDWLRQ
$ WKLQSODWH VSHFLPHQRI uuPP /u%uW KDYLQJ D FHQWUDO KROHRI PPGLDPHWHU PDGHRI$O7LV
PRGHOHGLQ)($3DFNDJH$16<697KLVSODWHWKLFNQHVVDQGKROHVL]H DUH UHSUHVHQWDWLYHRIIDVWHQHUKROHVLQ
DLUFUDIW VWUXFWXUHV 2ZLQJWRWKHDGYDQWDJHRIV\PPHWU\RQO\KDOI SODWHLVPRGHOHG XVLQJ'3/$1(HOHPHQW
DQG V\PPHWU\ ERXQGDU\ FRQGLWLRQV DUH DSSOLHG DV VKRZQ LQ )LJ 7KH KDOI SODWH VSHFLPHQ FRQVLVWV RI 
HOHPHQWV $SSOLFDWLRQRI'RZOLQJ¶VFULWHULD 'RZOLQJ  DV JLYHQE\ HTXDWLRQ WR WKH JHRPHWULFFRQILJXUDWLRQ
FRQVLGHUHGLQWKLVVWXG\ JLYHVDWUDQVLWLRQFUDFNOHQJWKRIPP 7KHSUHVHQWLQYHVWLJDWLRQ LVD FDVH ZKHUHFUDFNLV
QRWVPDOOFRPSDUHGWRWKHKROHVL]H+HQFHLWLVFRQVHUYDWLYHWR LQWURGXFH DQLQLWLDOFUDFNOHQJWKRIPPJUHDWHU
WKDQWUDQVLWLRQFUDFNOHQJWKPPDWRQHRIWKHKROHHGJHVDV\PPHWULFFUDFNFDVHDVVKRZQLQ )LJ

:KHUH' GLDPHWHURI WKHKROHQRWFK PP.W 6&) DWWKHKROHHGJHEDVHGRQQHWFURVVVHFWLRQDODUHD 
IJ IUHHHGJHJHRPHWULFDOFRUUHFWLRQIDFWRUGHSHQGLQJ XSRQVSHFLPHQFRQILJXUDWLRQ DQGFUDFNJHRPHWU\  ,Q
RUGHUWRLQYHVWLJDWHWKHHIIHFWRIFUDFNHPDQDWLQJIURPWKHHGJHRIWKHIDVWHQHUKROHRQWKHIDWLJXHOLIHRIVWUXFWXUHV
WKH W\SLFDO UHPRWH FRQVWDQW ± DPSOLWXGH IOXFWXDWLQJ ORDGV QRUPDO WR WKH FUDFN LV DSSOLHG ZKLFK YDULHV EHWZHHQ
03DDQG03DZLWKDVWUHVVUDWLR5  ZKLFKLVW\SLFDODVUHSRUWHGE\ 'H0DWRVHWDO 
)LJ )LQLWHHOHPHQW PRGHORI $O7 SODWHVSHFLPHQ
/LQHDUVWDWLFDQDO\VLV LV FDUULHGRXWVHSDUDWHO\ E\DSSO\LQJDVWUHVV RI03DDQG03DDORQJ WKH XSSHUHGJH34
RI WKH SODWH VSHFLPHQ 7KH PDWHULDO SURSHUWLHV XVHG LQ WKLV DQDO\VLV DUH (ODVWLF 0RGXOXV *3D DQG 3RLVVRQ¶V
UDWLR  FRUUHVSRQGLQJWR $O7 PDWHULDO $FUDFNRIOHQJWKPP LV LQWURGXFHGLQWR WKHPRGHOZLWKWKH
KHOS RI  VLQJXODU HOHPHQWV DW WKH FUDFN WLS µ7¶ DV VKRZQ LQ )LJ 7KH YDOXH RI SODQH VWUHVV PRGH , 6,)
FRUUHVSRQGLQJWR DVWUHVVUDQJHRI 03DDQG03D ZDVFDSWXUHG DWFUDFNWLSLQ$16<6DQGFRPSDUHGZLWK
FODVVLFDOPHWKRG 7KHPRGH ,6,)IRUDV\PPHWULFFUDFN FDVH LVJLYHQE\HTXDWLRQ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
:KHUHD FUDFNOHQJWKPHDVXUHGIURPKROHHGJH ı DSSOLHGUHPRWHVWUHVVDQG'  GLDPHWHURIWKHKROH
 )DWLJXH&UDFN*URZWK UDWHSUHGLFWLRQV XVLQJ3DULVODZ
$Q\FUDFNZKLFKHPDQDWHVIURPWKHERUHRIWKHKROHJURZV SURJUHVVLYHO\ XQGHUIOXFWXDWLQJORDGVDQGFRQVHTXHQWO\
OHDGV WRFDWDVWURSKLFIDLOXUH3DULV PRGHOLVWKHPRVWZLGHO\DFFHSWHGFULWHULRQ WRSUHGLFW )DWLJXH&UDFN*URZWK UDWH
8VLQJ3DULV ODZDVH[SUHVVHGLQHTXDWLRQ )DWLJXH&UDFN*URZWK UDWHDURXQGSODLQQRQFROGH[SDQGHGKROHVFDQ
EHSUHGLFWHGEDVHGRQPD[LPXPDQGPLQLPXP6,) YDOXHV

:KHUHǻ.LV6,)5DQJHJLYHQE\WKHGLIIHUHQFHEHWZHHQ.,PD[ DQG.,PLQ 1 QXPEHURIF\FOHV&DQGPDUH )DWLJXH
&UDFN*URZWK FRHIILFLHQW DQG H[SRQHQW UHVSHFWLYHO\7KH IDWLJXH OLIH VSHQW GXULQJ WKHSURSDJDWLRQRI FUDFN IURP
LQLWLDO OHQJWKDL WRILQDO OHQJWKDI XQGHUWKHLQIOXHQFHRIHIIHFWLYHVWUHVVUDQJH ǻıHII FDQEHHYDOXDWHGXVLQJHTXDWLRQ
7KHIDFWRUVIJLVHGJHFRUUHFWLRQIDFWRUDQGI DLZ LVJHRPHWULFFRUUHFWLRQIDFWRU

7KH YDOXHV RI )DWLJXH &UDFN *URZWK FRHIILFLHQW & î 01PF\FOH FUDFN JURZWK H[SRQHQW
VORSH P  DQG 876 03D DUH WDNHQ IRU $O 7 PDWHULDO %DVHG RQ \LHOG VWUHQJWK DQG IUDFWXUH
WRXJKQHVV .,& 03DP RI $O7PDWHULDOILQDOOHQJWKRIWKHFUDFNLVREWDLQHGDV DI  PP
 )LQLWH(OHPHQW VLPXODWLRQRI KROH FROGH[SDQVLRQSURFHVV
,Q RUGHU WR DSSO\ FROG H[SDQVLRQ SURFHVV WR SODWH VSHFLPHQ FRQVLGHUHG LQ WKLV VWXG\ LW LV UHTXLUHG WR DUULYH DW
RSWLPXP OHYHORIH[SDQVLRQWREHDSSOLHG IRUDFKLHYLQJPD[LPXPIDWLJXHOLIHEHQHILW7KH OHYHORIH[SDQVLRQLVWKH
NH\ SDUDPHWHU ZKLFK PDLQO\ GHSHQGVRQPDWHULDODQG WKLFNQHVVRI WKHFRPSRQHQW 7RVWXG\ WKHHIIHFWRI OHYHORI
H[SDQVLRQRQIDWLJXHOLIHEHQHILWVVHULHVRI' )LQLWH(OHPHQW VLPXODWLRQV DUH FDUULHGRXW E\LQYRNLQJVLPSOLILHG
DQGDFFHSWHG PHWKRGDVGHYHORSHGE\ 0DKHQGUD%DEXHWDO 
 )LQLWH(OHPHQW VLPXODWLRQRI FROG H[SDQVLRQSURFHVVDURXQGXQFUDFNHGKROH
7KH PDWHULDO $O7 DQG GLPHQVLRQV RI WKH VSHFLPHQ PP GLDPHWHU LQ D  u PP SODWH KDYLQJ
WKLFNQHVV PP FRQVLGHUHG LQ WKLV VWXG\ WR VLPXODWH FROG H[SDQVLRQ SURFHVV FDUULHG RXW E\*RSDODNULVKQD HW DO
 7KUHHPRGHOVRI VDPHJHRPHWU\DQGPDWHULDODUH FROGH[SDQGHGWRGLIIHUHQWOHYHOVRIH[SDQVLRQYL]
DQG,QDOOWKHWKUHHVLPXODWLRQVD TXDUWHUSODWHRIWKHVSHFLPHQLV PRGHOHG RZLQJWR WKHDGYDQWDJHRI V\PPHWU\
XVLQJ3/$1( HOHPHQW DV VKRZQ LQ )LJ  7RWDOO\  HOHPHQWV DUH IRXQG LQ D YROXPH RI TXDUWHU )(PRGHO
VKRZQLQ)LJ  7KHVLPXODWLRQKDVEHHQFDUULHGRXWE\DSSO\LQJ DGLVSODFHPHQWRI PPPPDQGPP
FRUUHVSRQGLQJ WR   DQG DW WKH QRGHV DORQJ KROH HGJH UHVXOWLQJ LQ H[SDQVLRQ VLPLODU WR WKH LQVHUWLRQ RI
PDQGUHOLQWKHILUVWVWHSIROORZHGE\UHPRYDORIDSSOLHGGLVSODFHPHQWLQWKHQH[WVWHSWRVLPXODWHVSULQJEDFN HIIHFW
DIWHUUHPRYDORIPDQGUHODVUHSRUWHG E\ 0DKHQGUD%DEXHWDO 
7KHDPRXQWRIGLVSODFHPHQWDSSOLHGWRWKHKROHHGJHGXULQJFROGH[SDQVLRQ VLPXODWLRQLV H[SUHVVHGDVDSHUFHQWDJH
RIDSSOLHGGLVSODFHPHQW WR WKHUDGLXVRI WKHKROH7KRXJK WKHH[SDQVLRQFDQEH LQFUHDVHGFRQWLQXRXVO\ WKHUH LVD
UDQJHRIH[SDQVLRQWRIRU$OXPLQLXP PDWHULDOEH\RQGZKLFKWKHEHQHILFLDOHIIHFWVDUHQRWDSSUHFLDEOHGXH
WRSUDFWLFDOOLPLWDWLRQVDVVRFLDWHGZLWK KLJKHUOHYHORILQWHUIHUHQFH*RSDODNULVKQDHWDO 
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)LJ  )LQLWHHOHPHQW PRGHORI SODWHZLWKFHQWUDOKROH
(ODVWLFSODVWLFDQDO\VLVLV FDUULHGRXWLQWKLVZRUN XVLQJELOLQHDUVWUHVV ±VWUDLQFXUYH GHYHORSHGE\ .HLWKHWDO 
ZLWK HODVWLF PRGXOXV RI *3D DQG 3RLVVRQ¶V UDWLR RI  $ \LHOG VWUHVV RI 03D DQG WDQJHQW PRGXOXV RI
03DLVDGRSWHGZLWKLVRWURSLFKDUGHQLQJ EHKDYLRXU XQGHU0LVHVSODVWLFLW\RSWLRQ IRU )LQLWH(OHPHQW DQDO\VLV
'XULQJ )(VLPXODWLRQRIFROGH[SDQVLRQSURFHVVDOWKRXJKXQLIRUPUHVLGXDOVWUHVVHVDUHLQGXFHGDURXQGKROHHGJH
VWLOOWKHUHVXOWVDUHIRXQGWREHLQJRRGDJUHHPHQWZLWKDFWXDOH[SHULPHQWDOUHVXOWV REWDLQHGE\*RSDODNULVKQDHWDO
 7KH PDJQLWXGHDQG GLVWULEXWLRQ RI LQGXFHG UDGLDODQGWDQJHQWLDOUHVLGXDOVWUHVVHVDURXQGWKHKROHVXUIDFHGXH
WR FROG H[SDQVLRQ LV FDSWXUHG 7KH UHVLGXDO FRPSUHVVLYH VWUHVVHV GXH WR FROG H[SDQVLRQV DUH FRPSDUHG ZLWK
SXEOLVKHG H[SHULPHQWDOUHVXOWV RI*RSDODNULVKQDHWDO 
 )LQLWH(OHPHQW VLPXODWLRQRIFROGH[SDQVLRQSURFHVVDURXQGFUDFNHGFLUFXODUKROH
,W LV HVWDEOLVKHG IDFW WKDW SUHVHQFH RI UHVLGXDO FRPSUHVVLYH WDQJHQWLDO VWUHVVHV DURXQG KROH HGJH GXH WR FROG
H[SDQVLRQPDMRUO\LQIOXHQFHVIDWLJXHOLIHHQKDQFHPHQWEHQHILWV)URPWKH VHULHVRI )LQLWH(OHPHQW VLPXODWLRQVZLWK
DQGRIFROGH[SDQVLRQV LWKDVEHHQREVHUYHGWKDWFROG H[SDQVLRQ LV WKH RSWLPXPOHYHORIH[SDQVLRQ
ZKLFK LQGXFHVKLJKHVWUHVLGXDOFRPSUHVVLYHWDQJHQWLDOVWUHVVFRPSRQHQW+HQFHRIFROGH[SDQVLRQLVSURYLGHGWR
DQ DV\PPHWULF FUDFN FDVH LQ KDOI SODWH RI VDPH JHRPHWU\ DQG PDWHULDO DV PHQWLRQHG LQ )LJ  $V GLVFXVVHG LQ
VHFWLRQDQGEDVHGRQHTXDWLRQLWLVFRQVHUYDWLYHWRLQGXFHDFUDFNRILQLWLDOOHQJWKDL PPDURXQGWKHKROH
HGJH SHUSHQGLFXODU WR ORDGLQJ GLUHFWLRQ 7DNLQJ WKH DGYDQWDJH RI V\PPHWU\ RQO\ KDOISODWHZLWK FUDFN RI OHQJWK
PP LVPRGHOOHGXVLQJ 3/$1(HOHPHQWDV VKRZQ LQ)LJ 7KHUH DUH HOHPHQWVZLWKLQ WKHYROXPHRI
KDOIILQLWH PRGHO VKRZQ LQ )LJ  %\ LQYRNLQJ WKH PHWKRG GHVFULEHG LQ VHFWLRQ  D GLVSODFHPHQW RI PP
FRUUHVSRQGLQJWR RSWLPXPOHYHORI H[SDQVLRQLVDSSOLHGRQDOO QRGHVDORQJWKHKROHHGJHRIWKH )LQLWH(OHPHQW
FUDFNHGPRGHODVVKRZQLQ)LJ  $FUDFNRIOHQJWKPP LVPRGHOOHG ZLWKWKHKHOSRIVLQJXODUHOHPHQWVDWWKH
FUDFNWLS µ5¶DV VKRZQLQ)LJ 
)LJ  )LQLWHHOHPHQW PRGHO RI FUDFNHG SODWH VSHFLPHQ IRU FROG H[SDQVLRQ
,QRUGHU WRDFKLHYHFROGH[SDQVLRQHODVWLFSODVWLFDQDO\VLV LV FDUULHGRXWE\SUHVFULELQJ ELOLQHDU VWUHVV ±VWUDLQ
FXUYH IRU $O7ZLWK LVRWURSLF KDUGHQLQJ EHKDYLRXU XQGHU 0LVHV SODVWLFLW\ RSWLRQ 7KH ELOLQHDU PDWHULDO
EHKDYLRXULVPRGHOOHGE\XVLQJ0RGXOXVRI(ODVWLFLW\ *3D 3RLVVRQ¶V UDWLR  \LHOGVWUHVV  03DDQG
WDQJHQWPRGXOXV 03D
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 )DWLJXH&UDFN*URZWK OLIHSUHGLFWLRQ DURXQGFROGH[SDQGHGKROHXVLQJ:LOOHQERUJ¶VPRGHO
:LOOHQERUJ¶V FUDFNWLSSODVWLFLW\ PRGHO LV EDVHGRQ WKHDVVXPSWLRQ WKDWFUDFNJURZWKUHWDUGDWLRQ LVFDXVHGE\ WKH
SODVWLF]RQH GHYHORSHG GXHWR FRPSUHVVLYHUHVLGXDOVWUHVVHVDVDUHVXOWRI FROGH[SDQVLRQDFWLQJRQWKHFUDFNWLS
7KHRYHUDOOSODVWLF]RQH VL]H LV WKH VXPRI LQLWLDO FUDFN OHQJWK DL DQG WKH]RQHVL]HGXH WRFRPSUHVVLYH UHVLGXDO
VWUHVVHVDF[DVJLYHQE\HTXDWLRQ

:KHUH ı\ LV\LHOGVWUHQJWK RI$O77KH6,) .F[ GXHWR FROGH[SDQVLRQLV REWDLQHGDIWHU UHSODFLQJıE\ ı$$
PHDQYRQ ± 0LVHVVWUHVVDORQJHGJH$±$DVVKRZQLQ)LJ  LQ HTXDWLRQ7KHVWUHVVUHTXLUHG ıUHT WR SURGXFHD
\LHOG]RQHZKRVHVL]HLQIOXHQFHVLQUHGXFLQJFUDFNJURZWKUDWHLVJLYHQE\ HTXDWLRQ

7KH FRPSUHVVLYH VWUHVV ıFRPS GXH WR FROG H[SDQVLRQ LV JLYHQ E\ WKH GLIIHUHQFH EHWZHHQ UHTXLUHG VWUHVV ıUHT DQG
DSSOLHG PD[LPXPVWUHVV DVJLYHQE\HTXDWLRQ 

7KHLQGXFHGFRPSUHVVLYHVWUHVV ıFRPS UHGXFHVWKHDFWXDOPD[LPXPDQGPLQLPXPVWUHVVHV ZKLFKDUHFDOOHG HIIHFWLYH
PD[LPXP VWUHVV ıHPD[ DQGPLQLPXP VWUHVV ıHPLQ ,I HLWKHU RI WKHVH HIIHFWLYH VWUHVVHV LV OHVV WKDQ ]HUR LW LV VHW
HTXDOWR]HUR7KH HIIHFWLYHVWUHVVUDQJH ¨ıH LV WKHQ FDOFXODWHGXVLQJWKH HTXDWLRQ

)XUWKHU DQ HIIHFWLYH6,)UDQJH ¨.HII LV FRPSXWHGXVLQJHTXDWLRQ

:KHUH IJ LV FDOOHG HGJH FRUUHFWLRQ IDFWRU ZKRVH YDOXH LV  IRU WKH SODWH VSHFLPHQ FRQVLGHUHG LQ WKLV VWXG\
8VLQJ HIIHFWLYH 6,) UDQJH ¨.HII DQG 3DULV UHODWLRQ DV JLYHQ LQ HTXDWLRQ  )DWLJXH &UDFN *URZWK UDWHOLIH LV
SUHGLFWHGDURXQGFROGH[SDQGHGKROH
 5HVXOWVDQG'LVFXVVLRQV
 0RGH,6,)UHVXOWV IRU QRQFROGH[SDQGHG KROH
7KH FRQWRXU SORWV RI YRQ 0LVHV VWUHVV GLVWULEXWLRQV DURXQG SODLQ KROH HGJH ZKHQ WKH VSHFLPHQ LV VXEMHFWHG WR D
IOXFWXDWLQJ VWUHVVHV RI 03DDQG03D LVDVVKRZQLQ)LJ  DDQGE 7KH PD[LPXPDQGPLQLPXP PRGH,
6,)¶V RI 03DPP DQG 03DPP DUH SUHGLFWHGDW FUDFNWLS XQGHUSODQHVWUHVVFRQGLWLRQV %\ XVLQJ
FODVVLFDOPHWKRG DV JLYHQ LQ HTXDWLRQ  WKHPD[LPXP DQGPLQLPXP6,)¶V DUH IRXQG WR EH.,PD[ 03D
PP DQG .,PLQ 03D PP  ,W LV REVHUYHG WKDW 6,)¶V REWDLQHG WKURXJK )( VLPXODWLRQV DUH LQ JRRG
DJUHHPHQWZLWKFODVVLFDOPHWKRG UHVXOWV
»
»
¼
º
«
«
¬
ª
V3
  
\
. F[


DDDD

LF[LS
JID
DD \
L
LS
UHT
V V
VV V PD[UHTFRPS
H
PLQ
H
PD[
H VV V'
  JID. HHII 3V' '
322   S. Anil Kumar et al. /  Procedia Materials Science  5 ( 2014 )  316 – 325 
)LJ  YRQ0LVHV6WUHVV03DGLVWULEXWLRQVDURXQGFUDFNRILQLWLDOOHQJWKDL PPXQGHU
D 5HPRWHORDGRI03DE5HPRWHORDGRI03D
 )DWLJXH&UDFN*URZWK SUHGLFWLRQUHVXOWVDURXQGQRQFROGH[SDQGHGKROH
3DULVPRGHO LV XVHGWRHYDOXDWHWKH )DWLJXH&UDFN*URZWK UDWH IURP DQ LQLWLDOOHQJWK RI DL PPWRFULWLFDOOHQJWK
RIDI  PP 7KHUHVXOWVRI )DWLJXH&UDFN*URZWK UDWHEDVHGRQ)(PHWKRGDQGFODVVLFDOPHWKRG DUHVXPPDUL]HG
LQWDEOH 7KH YDULDWLRQ EHWZHHQ )LQLWH (OHPHQW EDVHG )DWLJXH&UDFN*URZWK SUHGLFWLRQDQGFODVVLFDOPHWKRGLV
IRXQGWREH 
7DEOH )&* OLIH UHVXOWVDURXQGQRQFROGH[SDQGHGKROH
3DUDPHWHU 6\PERO )DWLJXH&UDFN*URZWK 5DWH)(0HWKRG &ODVVLFDO0HWKRG
6,)5DQJH '.  .,PD[  .,PLQ 03DPP 03DPP
)DWLJXH&UDFN*URZWK 5DWH G1
GD îPPF\FOH îPPF\FOH
)DWLJXH&UDFN*URZWK /LIH 1I î F\FOHV î F\FOHV
 )LQLWH (OHPHQW VLPXODWLRQUHVXOWVRIFROGH[SDQVLRQSURFHVV
7KHYDULDWLRQRIWDQJHQWLDOUHVLGXDOVWUHVVHV ZLWK WKHUDGLDOGLVWDQFHIURPWKHKROHHGJHIRUWKUHHGLIIHUHQWSHUFHQWDJH
RIH[SDQVLRQVQDPHO\DQGDUHVKRZQLQ)LJ 7KHEHQHILFLDO WDQJHQWLDOFRPSUHVVLYHVWUHVVHVDURXQG
FROGH[SDQGHGKROHVDUHIRXQGWREH 03D 03D DQG03D GXH WRDQGUHVSHFWLYHO\ ,W
LV REVHUYHGWKDWWKH KLJKHVWWDQJHQWLDOUHVLGXDOVWUHVV DWWKHKROHHGJH LV GXHWRFROGH[SDQVLRQ 7KHPDJQLWXGHRI
WDQJHQWLDOUHVLGXDOVWUHVVHVFRUUHVSRQGLQJWRH[SDQGHGKROHLVKLJKHUWKDQH[SDQGHGKROHDQG
KLJKHUWKDQH[SDQGHGKROH
)LJ  9DULDWLRQRIUHVLGXDO WDQJHQWLDO6WUHVVHVDORQJUDGLDO GLVWDQFHIURPWKHKROHHGJH
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$OVR WKH GLVWDQFH XS WR ZKLFK EHQHILFLDO UHVLGXDO VWUHVVHV DUH HIIHFWLYH ZDV KLJKHVW LH PP IRU  FROG
H[SDQVLRQFDVH7KHFRQWRXUSORWRILQGXFHGWDQJHQWLDOEHQHILFLDOVWUHVVHVDQGWKHFRQWRXUSORWRIYRQ0LVHVVWUHVVHV
IRUH[SDQVLRQDUHVKRZQLQ)LJDDQG)LJEUHVSHFWLYHO\ )RUYDOLGDWLRQSXUSRVHWKHUHVXOWVREWDLQHGIURP
)( VLPXODWLRQ DUH FRPSDUHGZLWK H[SHULPHQWDO UHVXOWV RI*RSDODNULVKQD HW DO  'XH WR IHDVLELOLW\RI VWUDLQ
JDXJH PHDVXUHPHQWVHWXSWKHH[SHULPHQWDOUHVXOWV UHSRUWHG E\ *RSDODNULVKQDHWDO  DUHDYDLODEOHIURPPP
GLVWDQFHRIWKHKROHHGJH+HQFHWKH )LQLWH(OHPHQW SUHGLFWLRQVLQWKLVZRUNDUHFRPSDUHGIURPPPDZD\IURPWKH
KROHHGJH7KHSUHGLFWHG YRQ 0LVHVUHVLGXDOVWUHVVHVDWPPDZD\IURPWKHKROHHGJHLQ)(VRIWZDUH LV 03DIRU
H[SDQVLRQ03DIRUH[SDQVLRQDQG03DIRUH[SDQVLRQ
)LJ  D &RQWRXUSORWRIUHWDLQHGWDQJHQWLDOVWUHVVHVIRUH[SDQVLRQ E &RQWRXUSORWRIUHVLGXDOYRQ 0LVHVVWUHVVHVIRUH[SDQVLRQ
7KHGHYLDWLRQ RI)(SUHGLFWLRQVDQG H[SHULPHQWDO UHVXOWV DUH IRXQG WREH DQGFRUUHVSRQGLQJ WR
DQGH[SDQVLRQVUHVSHFWLYHO\ 7KHVH GHYLDWLRQRI)(UHVXOWVIURPH[SHULPHQWDOUHVXOWVDUHDWWULEXWHGWR
WKHDVVXPSWLRQVPDGHLQWKLVVWXG\VXFKDVELOLQHDU EHKDYLRXU RI$O7PDWHULDODQGXQLIRUPH[SDQVLRQRI
PDWHULDODURXQGKROHHGJH
 )DWLJXH&UDFN*URZWK OLIHSUHGLFWLRQUHVXOWVDURXQGFROGH[SDQGHGKROH
 &ROGH[SDQVLRQVLPXODWLRQ UHVXOWVIRUFUDFNHGKROH
7KHUHWDLQHGWDQJHQWLDO FRPSUHVVLYHVWUHVV DQGYRQ 0LVHV VWUHVV GLVWULEXWLRQSORW FRUUHVSRQGLQJWRH[SDQVLRQRI
FUDFNHG KROH LV VKRZQ LQ )LJ  DQG)LJ  UHVSHFWLYHO\ )URP)LJ  YRQ 0LVHV UHVLGXDO VWUHVV RI 03D LV
REVHUYHG DW PP DZD\ IURP WKH KROH HGJH 7KH PDJQLWXGH RI YRQ 0LVHV UHVLGXDO VWUHVVHV LQ  H[SDQGHG
XQFUDFNHGKROH LV 03D7KHGHYLDWLRQ RIYRQ0LVHVVWUHVVGLVWULEXWLRQVRIXQFUDFNHGKROH IURP WKDWRI FUDFNHG
KROHLVGXHWRUHGLVWULEXWLRQRIVWUHVVHV DURXQGWKHFUDFN WLS
)LJ  &RQWRXUSORWRIUHWDLQHGWDQJHQWLDOVWUHVVHVIRU H[SDQVLRQ&UDFNHG+ROH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)LJ  &RQWRXUSORWRIUHVLGXDOYRQ0LVHVVWUHVVHVIRU H[SDQVLRQ&UDFNHG+ROH
 )DWLJXH&UDFN*URZWK OLIHSUHGLFWLRQUHVXOWVDURXQGFROGH[SDQGHGKROH
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 LQSUHGLFWLQJ )&*
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